Bicuspid aortic valve (BAV) disease is associated with aortic dilatation. Timing of follow-up and surgery is challenging. Hence, there is an unmet clinical need for additional risk stratification. It is unclear whether valve morphology is associated with dilatation rates. Therefore, the objective of this study was to examine the association between clinical and echocardiographic determinants (including valve morphology) and aortic dimension and the progression rate of dilatation.
Introduction
The bicuspid aortic valve (BAV) is the most common congenital cardiac abnormality with an estimated prevalence of 13 per 1000 births in the general population. It is known for its heterogeneous presentation and its association with valvular and vascular complications, including aortic dilatation. [1] Because of the association with aortic dilatation, BAV is considered as an aortopathy rather than a stand-alone valvulopathy. Yet, the natural course of dilatation varies widely, from virtually nonprogressive to rapidly progressive, potentially leading to life-threatening aortic complications. [2] [3] [4] Indication and timing of elective aortic surgical intervention remains challenging at present, as current guidelines recommend variable treatment options based on studies advocating aggressive repair versus a conservative treatment approach. [5] [6] [7] [8] [9] [10] The exact pathophysiologic mechanisms underlying aortic dilatation in bicuspid aortopathy are not fully elucidated. [11, 12] Two mechanisms are proposed: firstly, the inherited or intrinsic predisposition. Several studies show abnormalities in the matrix, fibrillin, and elastin fragmentation leading to accelerated degeneration of the media. [13, 14] Secondly, the hemodynamic consequences of BAV on aortic tissue by abnormal mechanical (local) stress (overload). [15, 16] Also, BAV morphology and its effect on blood flow in the ascending aorta has been studied as a potential contributing factor for development of aortic complications. Contradictory results exist concerning the possible association of valve morphology and both aortic dilatation and valvular function. [17, 18] Optimizing the risk stratification of aortic dilatation in BAV patients is desirable, as this could impact timing of clinical follow-up and surgery. Few studies are available regarding dilatation rates and associated risk factors, showing variable outcomes. [2, [19] [20] [21] Therefore, the aim of this study was to analyze the dimensions and dilatation rates of different segments of the ascending aorta and its determinants/risk factors, including BAV morphology.
Methods
Patients were identified in a tertiary care center in the Netherlands (Maastricht University Medical Centre, MUMC), by using the electronic database of all echocardiographic records from 1999 to 2014. Eligible patients were at least 18 years old and had a visually confirmed BAV on echocardiographic images. Serial echocardiographic images had to be available, at least 6 months apart. Patients with prior valve replacement surgery or surgery of the ascending aorta were excluded, whereas all degrees of valvular dysfunction were accepted. Clinical information was obtained through review of the available electronic hospital charts. This study was approved by the local institutional review board and ethics committee.
Echocardiography
Measurements were performed in serial transthoracic echocardiographic images of eligible patients by 2 observers, using a dedicated workstation (Philips Xcelera software Version R3, Philips Medical Systems, Best, the Netherlands). Presence of a BAV was confirmed in a short-axis view and valve morphology was determined. In case of ambiguity, consensus was reached in the presence of a third observer. BAVs were systematically classified during systole, according to Sievers classification, [22] firstly as a raphe-related type 0 (BAV without raphe), type 1 (BAV with presence of 1 raphe) or type 2 (BAV with presence of 2 raphes). Secondly, the exact fusion type was reported by description of the fusion patterns between the right coronary cusp (RCC), left coronary cusp (LCC), and noncoronary cusp (NCC). Echocardiographic Doppler methods were used to assess the function of the aortic valve, in accordance with the American Society of Echocardiography (ASE) and American College of Cardiology/American Heart Association (ACC/AHA) guidelines. [5, 23] Diameters of the left ventricular outflow tract (LVOT), sinus of Valsalva, sinotubular junction (STJ), and the tubular ascending aorta (TA) were measured from inner edge to inner edge in a parasternal long axis view. The LVOT diameter was assessed underneath the hinge points of the leaflets of the aortic valve, the sinus of Valsalva maximal diameter was measured perpendicular to the axis of the proximal aorta. The STJ was measured at the point where the sinus of Valsalva continues to the TA. The tubular aorta was visualized as distally as possible. The maximal diameter perpendicular to the axis of the aorta was taken (Fig. 1) . [6] 
Statistical analyses
Statistical analyses were performed using SPSS version 22 (SPSS, Inc., Chicago, IL). Normally distributed continuous variables were reported as mean ± standard deviation (SD) and nonnormal distributed continuous variables as median and interquartile range [IQR] . Categorical data are reported as number (n) and percentage (%). Changes in aortic dimensions over time were modeled using mixed linear model analyses with a random slope and random intercept. Independent variables investigated were age, sex, body surface area (BSA), valve morphology, valvular dysfunction, hypertension, aortic dimension, and time. The final models were also analyzed in the presence of potential confounders (sex, BSA, and age). Dependent variables were LVOT, sinus of Valsalva, STJ, and TA. Potential interactions between time and the other independent variables were also tested. The final models were realized by stepwise elimination using a threshold P-value of <0.10.
Results

Population characteristics
In this single-center study, 392 patients with a BAV with serial echocardiographic images available were enrolled. Median follow-up (IQR) was 5 (4) years in which patients underwent 3.6 ± 1.6 echocardiographies. Sixty-nine percent of patients were male and mean age was 48 (±17) years with a mean BSA of 1.9 (±0.2) m [2] during the first echocardiography (Table 1) . According to the raphe-related classification, [22] 78% (n = 305) of patients were classified as type 1, 19% (n = 73) as type 0 BAV and 2% (n = 7) as type 2 BAV. When considering the leaflet fusion type within the raphe-related classification type 1, BAV with a raphe between the RCC and LCC (RCC/LCC subtype) was the most common subtype of BAV in 56% of the study population (n = 221), followed by the RCC/NCC subtype in 14% (n = 54). The NCC/LCC subtype of BAV was the least common in this group with 8% (n = 30) of patients ( Fig. 2) . In 2% (n = 7) of the patients, presence of BAV was confirmed, although exact determination of the morphology was uncertain.
Associations with aortic dimensions
Aortic dimensions per BAV subtype during the first echocardiography are presented in Fig. 3 . Classification using leaflet fusion type showed an association with all aortic segments. The dimension of the sinus of Valsalva was significantly smaller in patients with the BAV subtype NCC/LCC when compared to the other fusion types. Furthermore, the RCC/LCC fusion subtype was significantly larger when compared to the RCC/NCC fusion subtype. As for the STJ dimensions, the NCC/LCC subtype was associated with the smallest dimensions in comparison to the other subtypes and the subtype without a raphe had larger dimensions in comparison to the RCC/NCC subtype. Finally, the NCC/LCC subtype was associated with smaller TA and LVOT dimensions compared to the other subtypes. On the contrary, when patients were classified according to number of raphes, an association between the aortic dimensions with BAV morphology in the model was not found. Presence of an association between aortic dimensions and other biologically plausible parameters was investigated. The significantly associated parameters for all aortic dimensions are listed in Table 2 . Dimensions of all segments were significantly larger in males. A high BSA was associated with significantly larger dimensions of the LVOT, STJ, and TA. Increasing age was associated with larger dimensions of all segments except for dimensions of the LVOT. We further investigated the association between valvular dysfunction and aortic dimensions and found that the presence of aortic regurgitation (AR) or aortic valve stenosis (AoS) was associated with larger LVOT dimensions or TA dimensions, respectively. Dimensions of the other aortic segments were not associated with AR or AoS.
Aortic dilatation rate variation
Serial assessments of aortic dimensions were used to determine the dilatation rates of the aortic segments, employing mixed linear models. Mean aortic dilatation rates differed across aortic segments. The mean (±SD) increase of the STJ was 0.06 (±0.05) mm/year, the mean increase of the sinus of Valsalva was 0.18 (±0.02) mm/year and the TA showed the fastest dilatation rate: 0.32 (±0.03) mm/year. The LVOT did not show significant annual progression of dilatation. We next investigated which parameters were associated with increased aortic dilatation rates. BAV morphology type was not associated with aortic dilatation in any of the segments mentioned above. This finding is illustrated by similar slopes in Fig. 4 , representing growth per morphology type. Baseline dimensions of the TA were associated with dilatation rate of that specific aortic segment but this association could not be found in the other segments. As for the other parameters a significant association with dilatation rates of any of the aortic segments could not be demonstrated. Addition of potential confounders (age, sex, and BSA) to the model did not affect the results (data not shown).
Monocuspid valves, a special subgroup
Two percent (n = 7) of the aortic valves in this study population was monocuspid. Overall, the presence of a monocuspid aortic valve seemed to result in larger dimensions of the aorta in all segments, but did not show morphology-dependent dilatation rates as well. The small number of patients necessitates cautious interpretation of these data, as they may not be representative for the population with a monocuspid aortic valve as a whole.
Discussion
The aim of the present study was to elucidate on determinants of dimensions and dilatation rates of ascending aortic segments in a population consisting of 392 patients with a BAV. The main findings of this study are as follows.
First, segments of the proximal ascending aorta showed different dilatation rates. The TA showed the highest dilatation rate of 0.32 mm/year, followed by the sinus of Valsalva with 0.18 mm/year and the STJ with a dilatation rate of 0.06 mm/year. Second, type of BAV morphology showed no association with aortic dilatation rates, regardless of the classification system (raphe-related type or fusion type). The association between valve morphology and aortic dilatation rates has been suggested and contradicted in previous studies and shows a wide dispersion of dilatation rates. [2, 21, 24] Our study results are in accordance with recent studies, regarding dilatation rates in BAV aortopathy. However, we believe that the results of this study have added value in the confirmation of results of these studies, [19, 20] due to group size and the strong method of analyses. Mixed linear models provide an elegant way to overcome different follow-up time intervals and provide a solid basis to underpin the dilatation Table 1 Characteristics total population. rates found in this study by not only taking the first and last measurement of the aortic dimensions into account, but all intermediate measurements as well, leading to a more accurate estimate of the aortic dimensions and dilatation rates over time. Third, morphology types were associated with differences in dimensions of the proximal aorta. The association between BAV morphology and aortic size has been subject of extensive debate, especially since initial studies did not find an association whereas in later studies morphology related significantly to both sinus of Valsalva and TA size. [18, 25, 26] The present findings are in accordance with the latter and support the notion that BAV morphology related hemodynamics may cause aortic dilatation directly, but does not exclude a role for underlying ontogenetic defects or a role of an interplay between both. The involvement of genetic defects and defects in the neural crest cells leading to the development of BAV (calcification) and concomitant abnormalities of the aorta by disruption of the extracellular matrix [27] [28] [29] [30] have been studied in conjunction with hemodynamic patterns in BAV disease. [31, 32] A cross-sectional study by Hope et al [16] showed an eccentric flow resulting in an abnormal helical flow pattern in a subset of patients with and without aortic dilatation and a BAV with "normal" function. They suggested a role for hemodynamic stress in identifying patients at risk for developing aortic aneurysms, taking into account the alternative hypothesis that presence of intrinsic aortic wall abnormalities predisposes to a greater aortic dilatation in the presence of abnormal hemodynamic stress. [33] Fourth, our modeled analyses show that dimensions of the aortic segments are influenced by sex, age, BSA, and valvular function, whereas dilatation rates are not. The inability to show this association does not aid in optimizing risk stratification in BAV aortopathy. As a result of the unpredictability of dilatation rates, an especially challenging aspect of BAV is the timing of surgical intervention. [34] Verma et al [10] found significantly different clinical decisions by cardiac surgeons toward optimal timing of surgical intervention. This group recommended a renewed strategy for follow-up and timing of aortic surgical interventions, accepting more dilatation of the aorta (in absence of risk factors). Biological/genetic background might play a more important role in dilatation rates and should probably be taken into account when deciding on timing of follow-up and aortic surgery. A positive family history has been described as a denominator of risk as well. [19] For now, it still is a matter of debate whether the timing of surgery in BAV should be based on absolute dimensions. A novel model for timing of follow-up and surgical intervention fed by data from observational studies incorporating the above aspects including genomics may improve surgical care for BAV patients but obviously needs validation in prospective trials.
Study limitations
Although the study population size was relatively large and the aortic measurements were repeated prospectively by 2 independent observers, some possible limitations merit attention.
Despite the size, this study is prone to some bias due to its retrospective observational design. On the other hand, our hospital is a combined regional and tertiary center serving its own population. With that, we assume we evaluated a representative population when compared to populations in exclusively tertiary centers.
Another limitation is inherent to the serial echocardiographic measurements. Measurements are dependent on image quality and availability of echocardiographic images. We tried to minimalize bias based on image quality by requiring valid measurements from independent observers.
Aortic dilatation is a lifelong process, necessitating long-term follow-up in clinical studies. Thus, aortic dilatation is frequently studied in retrospective cohorts. Although the retrospective study design inherently involves some limitations, the current manuscript represents the natural clinical course of BAV patients within our institution. These results have to be interpreted with caution in a population with a tricuspid aortic valve, since this group was not included in the present study and might show another natural clinical course of aortic dilatation when compared to patients with BAV.
Finally, despite the relatively large population size, the group of patients with a monocuspid aortic valve was relatively small and reliability of the analyses considering this group was considered low and was not included in this study.
Conclusion and clinical implications
The prediction of aortic complications resulting from (asymptomatic) aortic dilatation rates and timing of surgical intervention is a major challenge in patients with BAV, [5, 8] necessitating longterm and costly follow-up. Dilatation rates in BAV aortopathy vary widely among patients with a maximum dilatation rate of the TA, followed by the sinus of Valsalva and the STJ. Dilatation rates are not associated with BAV morphology, and thus BAV morphology should not be used for additional risk stratification. A small group of patients might benefit from a stricter follow-up to determine progression of dilatation at an early stage. Moreover, the risk of developing aortic complications should be determined individually during follow-up echocardiography. Finally, there is an unmet clinical need for improvement of risk stratification in BAV patients. Genomics is expected to gain importance in this field.
